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Th Scatter Sources & Related Proposals %mw
omson Scatter Sou :
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1. Thomson Scattering vs. Undulator Radiation e
2. Thomson Scattering Sources (TSS): e ,

1. JLAB

2. BNL

3. Duke

4. Berkeley

5. Idaho Accelerator Center Sir J.J. Tl‘l.o;l’-lshon

6. Naval Research Lab
3. Other proposals:
1. Small-Angle Geometry
2. Laser Electron Storage Ring

\_ CORNELL J

TN T Y EE Y T ¥

C H E S S / L E P P USPAS 4 Generation Light Sources II Krafft/Bazarov 20 October 2002




— Thomson Scattering vs. Undulator Radiation — offerson %M/
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« Undulator radiation can be looked as Thomson scattering (and vice versa)

 Same signature: polarization, harmonic content when a,, K > 1
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~ Thomson Scattering Same as Short Undulator Radiation - %
~ 2 2
For K< 1: Nph,tothaK NpNe 2 2(1+}/(9 )
\ /4
r, 1
K, 137 useful fraction

~ (Ao/w)x(g, /e)?

N

Scaling with undulator period of the formulas above: Al4r

* to keep radiation wavelength the same: A~y ?

* to keep the number of photons the same

if undulator length is kept the same: B, ~1/y
if number of periods is kept the same: B, ~1/ i

B, in undulator 1s limited to ~ Tesla, thus, electron energy is constrained to
some multi-GeV, and undulator period to ~ cm for hard x-ray production.
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Different Thomson Scattering Geometries — s
- BT
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A Ar T (1+7°607)
2y l1-cos¢
%]A y k; - kyN____ dGT, = I”e2 sin2 e’
k. =k cos ¢ k! = —yk(f — cos ¢) dS)
S S’ o= %WZ — 665 mbarn

 possible advantages include compact design (small »), fs x-ray pulses

« we’ll look at different examples of TSS: ¢=n/2, p=mn and ¢ << 1
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—— Photons Wanted offorson Hab
REVIEWS OF MODERN PHYSICS, VOLUME 73, JANUARY 2001 JU U g \

Colloquium: Femtosecond x-ray crystallography

Laboratoire d'Optique Appliquée, ENSTA/Ecole Polytechnique, UMR 7639 CNRS, Chemin
de la Huniere, F-91761 Palaiseau, France

Antoine Rousse

Christian Rischel
Department of Mathematics and Physics, Royal Veterinary and Agricultural University,
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Thorvaldsensvej 40, DK-1871 Frederiksberg C, Denmark
and Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen, Denmark

Jean-Claude Gauthier

Laboratoire pour I'Utilisation des Lasers Intense, Ecole Polytechnique, UMR 7605 CNRS,

F-91128 Palaiseau, France

B. Ultrafast protein crystallography

The potentially most rewarding, but also most de-
manding application of femtosecond x-ray diffraction is
the characterization of ultrafast structural processes in
biological molecules. From a time-resolved measure-
ment of single-crystal diffraction intensities, the tran-
sient changes in electron density of the constituent mol-
ecules can be calculated, giving a superbly clear picture
of the ultrafast biological reactions. However, in order
to determine the electronic density in such large mol-
ecules, the intensity of 10" or more different diffraction
spots must determined. With only one diffracted photon
detected per 10° incident on the sample, and a reason-
able minimum of 10>—10° photons in each spot, it is nec-

<@ssary to put at least 10''-10" photons on the sample im>

order to pertorm an expermment.

Synchrotron sources can in a single pulse of about 150
ps duration deliver a sufficient number of photons to
make single-shot experiments possible. For the much
weaker femtosecond x-ray sources the situation is quite
different, and it will be necessary to accumulate over
many shots, so only multishot samples can be used. Rep-
etition rates of 10 or 20 Hz are common for intense
femtosecond lasers, while the system at the ESRI has a
maximum frequency of 900 Hz. In experiments, the up-
per limit to the useful rate will be set by the maximum
permitted value of the heat load from the optical excita-
tion pulses. The energy necessary to dissociate all CO
molecules once in a crystal of MbCO heats the crystal by
about 2 °C (assuming the heat capacity of water), so ef-
ficient cooling will be necessary in order to attain high
accumulation rates, even if only a minor fraction of the
molecules in the sample are dissociated.
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Reality Check Against Photon “Starvation” — offerson Cfab
' , N\ )
From undulator: N i ROK"N N, mostly

Thomson scattered x-rays: N o

N h,L
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@ incoherent

Or N ,..N, } photons

ot
*  focused spot area

Laser pulse needed:

~1 2
N @focused spotarea 7 L um) 102
o 665 mbarn
or: or ~ 10 J / pulse (TW laser)

a, = edy | mc* ~0.85x107° 2, (um)y/ I, (W/em?)
a,~1 for [, ~22x10" W/cm’

can be tough to match laser and electron beams in space-time, i.e.
only a fraction of electrons or photons will participate in scattering

rep rate 1s limited to ~ kHz (don’t need more for pump probe exp.)
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2. Thomson Scattering Sources (TSS):
1.

JLAB

2. BNL

3. Duke

4,

5. Idaho Accelerator Center
6.

3. Other proposals:
1.
2.

Berkeley

Japanese Tohuku Group

Small-Angle Geometry

Laser Electron Storage Ring

1. Thomson Scattering vs. Undulator Radiation

YOYA

Jetforsen L6 TN

J

CHESS / LEPP

USPAS 4t Generation Light Sources II Krafft/Bazarov

20 October 2002



PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 3, 090702 (2000)

/

Demonstration of 8 x 1013

geomeltry the x-ray pulse length is defined not just by the
laser but by the transverse time of the electron and laser
focus that is about 300 fs at the typical rms beam size o =
50 pm. In the 180° configuration, the x-ray pulse duration
is defined primarily by the electron bunch length 7, =
@hem Tp 18 the electron bunch length, 7, is
the laser pulse length, and v is the electron beam Lorentz
factor. With the 200 fs electron bunches demonstrated
from the rf linac [12] and the recent proposal on chirped

bunch compression to 10—-20 fs [13], the 180° geome
p g try
promises the absolute shortest x-ray pulses.

CHESS / LEPP
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photons/second peaked at 1.8 A
in a relativistic Thomson scattering experiment

LV Pogorelsky,1 I. Ben-Zvi,! T. Hirose,” S. Kashiwagi,3 V. Yakimenko,! K. Kusche,! P. Siddons,! J. Skaritka,!
T. Kumita,? A. Tsunemi,* T. Omori,’ J. Urakawa,®> M. Washio,? K. Yokoya,5 T. Ol<:ugi,5 Y. Liu,® P. He.® and D. Cline®

Y Accelerator Test Facility, Brookhaven National Laboratory, 820, Upion, New York 11973
2Department of Physics, Tokyo Metropolitan University, Hachioji-shi, Tokyo 192-0397, Japan
3Advanced Research Institute for Science and Engineering, Waseda University, Shinjuku-ku, Tokyo 169-8555, Japan
4Research and Development Center, Sumitomo Heavy Indusiries, Lid., Tanashi-shi, Tokyo 188-8585, Japan
SKEK (High Energy Accelerator Research Organization, Tsukuba-shi, Ibaraki 305-0801, Japan
®Department of Physics and Astronomy, University of California, Los Angeles, California 90095
(Received 7 February 2000; published 27 September 2000)

7.6 X 10° x-ray photons per 3.5 ps pulse are detected within a 1.8-2.3 A spectral window during a
proof-of-principle laser synchrotron source experiment. A 600 MW CQO; laser interacted in a head-on
collision with a 60 MeV, 140 A, 3.5 ps electron beam. Both beams were focused to a ¢ = 32 pm spot.
Our next plan is to demonstrate 10'° x-ray photons per pulse using a CO; laser of ~1 TW peak power.

radius that is important for the 90° configuration. Note that
the 180° LSS is capable of producing femtosecond x-ray
pulses using picosecond and even nanosecond laser pulses
(for nanosecond pulses, channeling is required [14]).

In this paper, we describe results of the first proof-of-
principle test of the CO, LSS on the picosecond time scale.
We used the ATF 0.6 GW, 180 ps, linearly polarized CO,
laser and the 3.5 ps, 0.5 nC, 60 MeV, low emittance &,
2 mmmrad electron beam and demonstrated an x-ray
yield of 2.8 X 107 photons/pulse, 8 X 10'® photons/sec,
peaked at 1.8 A.
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The aforementioned angular and spectral distributions
of the backscattered radiation enter into the expression for
brightness B, which is a cumulative characteristic of the
radiation source

peak R
g Nay

B Mmooyt (10)

equal to 2.8 X 10'8 photons/sec mm? mrad® for the
resent AT experiment conditions.
b ? 0.1 % bw

J

TABLEI. ATF CO; LSS experimental results and near-future
design parameters.
1st stage 2nd stage
Parameter (1999) (2000)
CO, laser
Pulse length (ps) 180 30
Pulse energy (J) 0.2 30
Peak power (GW) 0.6 1000
rms radius at focus (gem) 32 32
Waist length (mm) 2.5 2.5
Electron beam
Electron energy (MeV) 60 60 (70)
Bunch duration FWHM (ps) 35 35
Bunch charge (nC) 0.5 0.5
Normalized emittance (mm mrad) 2 2
Momentum spread (%) 0.15 0.15
rms radius at focus (gem) 32 32
X rays
Peak wavelength (A) 1.8 2.6 (1.8)
Pulse duration (ps) 35 35
Photons per pulse (total spectrum) 2.9 X 107 1.3 x 10"
Photons per sec (total spectrum) 8 X 10" 4 x 10%!
\
peak
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2. Thomson Scattering Sources (TSS):
1.

JLAB
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Duke

Berkeley

Idaho Accelerator Center
Japanese Tohuku Group

Small-Angle Geometry
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— Duke FEL y-production gm %@é ~

VOLUME 78, NUMBER 24 PHYSICAL REVIEW LETTERS 16 JunE 1997

Gamma-Ray Production in a Storage Ring Free-Electron Laser

V.N. Litvinenko, B. Burnham, M. Emamian, N. Hower, J. M. J. Madey, P. Morcombe, P. G. O’Shea, S. H. Park,
R. Sachtschale, K. D. Straub, G. Swift, P. Wang, and Y. Wu

Free Electron Laser Laboratery, Departinent of Physics, Duke University, Durham, North Carolina 27708

R.S. Canon, C. R. Howell, N.R. Roberson, E. C. Schreiber, M. Spraker, W. Tornow, and H. R. Weller
Department of Physics, Duke University, and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708

L. V. Pinayev, N. G. Gavrilov, M. G. Fedotov, G. N. Kulipanov, G. Y. Kurkin, S. F. Mikhailov, V. M. Popik,
A.N. Skrinsky, and N. A. Vinokurov
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russiu

B.E. Norum
University of Virginia, Charlottesville, Virginia 22901

A. Lumpkin and B. Yang

APS, Argonne National Laboratory, Argonne, Illinois 60439
(Received 24 February 1997)

A nearly monochromatic beam of 100% linearly polarized vy rays has been produced via Compton

<;Tg inside a free electron laser optical cavity. The beam of 12.2 MeV vy rays \%
attering 379.4 nm free-electron laser photons from 500 MeV electrons circulating in a
ring. A detailed description of the y-ray beam and the outlook for future improvements are presented.
[S0031-9007(97)03322-X]

PACS numbers: 41.60.Cr
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— Machine Description

c-beam

Jetforsen L6 TN

photons

Y-1ays

\_ CORNELL

Collision Collimalor
Point l
Wiggler 1 % B W Wiggler 2
Murror OK-4 FEL Mirror . Detector

I.1 GeV race-track shaped Duke electron storage ring has
demonstrated the ability to store an average current of
155 mA at an injection energy of 230-280 MeV. The
demonstrated ramping capabilities of this ring provide
for an operational beam energy from 230 MeV up to
1.1 GeV. Low emittances (at 500 MeV €, = 4.5 nmrad
and €, < 0.4 nmrad and horizontal and vertical S
functions of 4 m at the collision point) are determined by
the lattice of the ring, which has a very large dynamic
energy aperture of 5% 6% [12]. At present, the energy
acceptance is limited by the rf system and is 17.5 MeV
(3.5%) at an electron energy of 500 MeV. This makes it
possible to preserve all electrons in the y-ray production
process for all measurements presented below. This
“no-loss mode™ produces an electron beam having a
lifetime of 2-3 h. determined by intrabeam scattering and
finite vacuum.
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_ 2.0 X 10° y's per sec
/ Measured y rays energy of Ig 2 Ii[e\f Jm gﬂé

1500

Full-energy
Paak
1000 - /
2 <an energy spread of [.25%>
o
500 -
the energy spread induced by lasing. This observation
makes it apparent that we should prevent lasing of the
target bunch for future improvement of the y-ray energy
w resolution.
% a0 80 120

Enhergy (MeV)

FIG. 2. Full y-ray spectrum as measured by a HPGe detector.
The full-energy and first escape peaks associated with the
12.2 MeV y-ray beam are clearly visible. The inset shows

a Gaussian fit to the full-energy peak. The fit has a FWHM of
120 keV.

Note: y-ray polarization is ~ 100 %
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— Future Plans gm %@é ~

In the near future, we are planning to demonstrate
the full scale operation of the OK-4/Duke y-ray source
in the no-loss mode: generation of 2-55 MeV, 100%
linearly polarized y rays having a flux of 107 -10" per
sec. In addition, we should be capable of operating
in the “loss” mode (y rays of 55-160 MeV) producing
100% linearly polarized y rays with a flux of 1-5 X
108 per sec. To reach this goal, it will be necessary to
extend the operational range of the FEL into the deep uv

region (—10 eV, i.e., 120 nm) at the nominal beam energy
of 1 GeV.
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2. Thomson Scattering Sources (TSS):
1.

JLAB

. BNL

Duke

. Berkeley

. Idaho Accelerator Center
6.

3. Other proposals:
1.
2.

Japanese Tohuku Group

Small-Angle Geometry

Laser Electron Storage Ring

1. Thomson Scattering vs. Undulator Radiation
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NUCLEAR
INSTRUMENTS
Nuclear Instruments and Methods in Physics Research A 341 (1994) 351-354 & METHODS
North-Holland IN PHYSICS
RESEARCH

Section A

Generation of femtosecond X-rays by 90° Thomson scattering *

K.-J. Kim ** S. Chattopadhyay, C.V. Shank
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA

We propose Thomson scattering of short pulse laser beams by low energy electron beams at a right angle for generation of
femtosecond X-rays. The basic idea is the observation that a low emittance electron beam can be focussed much more tightly in a
transverse dimension than in the longitudinal dimension. Therefore much shorter pulses of X-rays can be generated (in the
direction of the electron beam) by arranging the laser beam to meet the electron beam at a right angle rather than head on as in
the Thomson backscattering configuration. Simple analysis of the process is presented by noting the similarity between the
Thomson scattered radiation and the well-understood undulator radiation. Using the parameters of the recently developed
femtosecond visible lasers and the high brightness electron guns, it is shown that 1 A X-ray pulses, of 300 fs duration, containing
several 10° photons within 10% bandwidth per collision, can be generated.

\_ CORNELL

¥ ERE Y T Y

C H E S S / L E F) F) USPAS 4 Generation Light Sources II Krafft/Bazarov 20 October 2002

J




YA YA

/ 1. Introduction

Short radiation pulses are important probes for
studying dynamic processes in physics, chemistry and

biology. The limiting time scale in many body systems
is of the order ohich is about 100 fs at
ambient temperature. Thus, there is tremendous po-
tential for radiation sources\shorter than 100 fs. Re-

h ~4 elfs
kT ~1/40 eV

i
Beam |‘
Envelopes ———»

!

|

/ #
\\\\ !

—
—
-—
—
-—

Femtosecond
X-Ray Beam

——
—~—
-
—
-~
—

Femtosecond
Laser Beam

Fig. 1. A schematic illustration of 90° Thomson scattering.

\_ CORNELL

?

are quite distinct in the short pulse Acapability. In
Thomson backscattering, the pulse length of the gener-
ated X-ray beam is given roughly by the average o

electron and the laser pulse lengths. Since it is difficul

at present time to generate an intense electron bunch
that is much shorter than a few picoseconds, this
process does not appear to be useful for generation of

femtosecond X-rays. However, we observe that a low
emittance electron beam can be focussed tightly to a
transverse dimension much smaller than the electron
pulse length. Therefore, the possibility arises that much
shorter pulses of X-rays can be generated by arranging
the laser beam to meet the electron beam at a right
angle rather than head-on. This is the basic idea be-
hind the 90° Thomson scattering discussed in this pa-
per. The scheme is illustrated schematically in Fig. 1.
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Ey=\2Zy(dP/dA) . (1)

where Z, =377 () is the free space impedance. The
laser beam is equivalent to a static magnetic undulator
with the peak magnetic field By=Ey(1 + 8 cos ¢)/c
and period length A, =A; /(cos ¢ + 1/B). Here, c is
the speed of light, B =v/c, and v is the speed of the
electron, and A; is the wavelength of the laser radia-
tion. In the following, we assume that the electrons are
relativistic, i.e., y=1/(1 -B2)'2>> 1, B = 1. For the
right angle case, cos ¢ = 0, we have therefore

By=E,/c, (2)
Ay=AL. (3)

For an undulator, it is convenient to introduce the
deflection parameter K as follows:

K=eByA,/2wmc. (4)
1 1 1
Neg=2Vmca, /Ay . —2‘=Cz(—7+ 2),
o; ol o,

where o} and o, are the rms length and the width of
the laser beam, respectively, and I, is the peak laser

(®)

The number of o-polarized (polarization parallel to
electron trajectory) photons emitted into a given band-
width AA/A =(A —A))/A; < 1is

An;=waK*N(AA/A). 9)

dAn KN AA £)
dr =Ta eff| 7) e

[ 2
Oy 0“2, +oy

X
\/(a'xz + 0\3)(0')‘2 +02+ O'E)

X exp — (t2/2a12-), (18)

where I is the peak electron current, e is electron
charge, and

2 2 2
0,\0x -.F.UW toL

cx/azz + (rxz + 0'3 +o

(19)

2
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lasers [6]. The parameters of the equivalent undulator
are: A,=0.8 pm, By=500 T, K=3.7%10"% and
N, = 156. The wavelength of the X-rays generated is
peaked at A, =1 A, the rms pulse length calculated
from Eq. (19) is op = 300 fs. The number of the X-ray
photons within a 10% bandwidth is, from Eq. (20),
An = 2.7 X 10°. The half-angle of the pinhole required
to collect 10% bandwidth is 5.0 mrad. The result is

summarized in Table 3.

YA YA

Table 1
Electron beam
Energy 32 MeV (y =63)
RMS pulse length (o,) 3ps
Charge /pulse 1.6 nC
Normalized rms emittance 5 mm mrad
Focussed transverse rms width (o) 50 pm
Table 2
Laser beam
Wavelength (A; ) 8000 A
Energy/pulse 021]
RMS pulse length (o /¢) 170 fs
Focussed transverse rms width (o) 50 pm
Power density (dP/d A) 3x10Y W,/m?
Table 3
Generated X-ray beam
Wavelength (A,) 1A
RMS pulse length (o) 300 fs
Number of photons (AA /A =0.1) 2.7x10°
Collection angle (28) 2 X5 mrad

SJethreon Ll TN
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— Experimental Results gm %@é ~

R.W. Shoenlein et. al, Nature (274) 5285

1-4
1-2
lo 5 Iy
12 = 8
£
la 5
16 £ | 7
i i
6 4 2 0 2 4 6
X (mm) . . . . |
10 15 20 25 30 35
Energy (keV)
e~ beam b duced
x-ray beam produce
50 MeV, 1.3 nC, 90 um, 20 ps y OCA proctiee®
2 X 10° ph mm== mrad2 s~!in
laser beam

800 nm, 100 fs, 60 mJ, 30 um
LL J
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2. Thomson Scattering Sources (TSS):
1.

JLAB

2. BNL

3. Duke

4,

5. Idaho Accelerator Center
6.

3. Other proposals:
1.
2.

Berkeley

Naval Research Lab

Small-Angle Geometry
Laser Electron Storage Ring

1. Thomson Scattering vs. Undulator Radiation
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Nuclear Instruments and Methods in Physics Research A 495 (2002) 95-106 Sechon &

wiww.elseviercomdlocale/mimy

Laser-Compton scattering from a 20 MeV electron beam

K. Chouffani**, D. Wells®, F. Harmon?, J. Jones®, G. Lancaster”

*Idaho Accelerator Center, 1500 Alvin Riken Dr., Pocatello, ID 83209, USA
® Jdaho National Engineering and Environmental Laboratory, P.O. Box 1625, MS 2802, Idaho Falls, ID 83415-2802, USA

Received 29 April 2002; received in revised form 13 August 2002; accepted 18 August 2002

Abstract

Laser-Compton scattering (LCS) experiments were carried out at the Idaho Accelerator Center. A 20 MeV electron
beam was brought to a head-on collision with a 100 MW 7ns Nd:YAG laser. We observed clear narrow LCS X-ray
spectral peaks resulting from the interaction of the electron beam with the two Nd:YAG laser photon lines of 1064 and
532nm. The LCS X-ray energy lines and widths were measured as a function of the electron beam energy and energy
spread, respectively. The results recorded showed good agreement with the predicted values.

(© 2002 Elsevier Science B.V. All rights reserved.

PACS: 29.17; 41.75.F; 41.50; 42.60

Keywords: Laser; Compton scattering; X-ray; Linear accelerator
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— The Layout

Quad-triplet

Magnetic L-Band High-energy
accelerating sections

22.5°bend
Electran bearn glits

22.5"bend

22.5%bend

-
E=-  Quad-triplet

Beam stop

To Laser-Complon experimeril

L-Band low-energy ~ Tapered
accelerating sections  buncher

YA YA

Jitlroon L TN

120 keV thermionic
eun

. L-band, 1300 MHZ
Machine 3 Accelerating stages
Injectar EM gun, 120 ke'V injection
RF system 1-20 MW Thomson CSF klystron
Bunching 2-12"subhanmonic cavities
1-6"subharmonic cavities
1 Fundamental firequency weaveguide
Acceleraling system Tapered buncher waveguide,1 20 keV-2 Me'V
Low energy wavegnide, 2-8 MeV
High energy waveguide, 8-28 MeV
Beam lines 0° port high intensity, no energy analysis
90° pott. energy anatyzed momenhim defining
Slits to a minimum of 0.5% energy spread
Shott pulze 10-30 ps, 100C/pulse
Long pulse Macropulse width to 4 ps
130¢ MHZ fine structure
Energy range 0.5 - 28 MeV short pulse
0.5 - 25 MeV long pulse
Energy spread Nominal 3%
Minimum 0.5%
Repetition rate Single pulse, 1 - 360 HZ
Meximum output at 20 ns wide pulse | 200 nC/macropulse
Mastimum cutoput at 4 g wide pulse [ 2000 nC/macropulse
Spot size o, =4T7+0.3 mm
0,=282+025mm
Emittance &, =(14.920.4) 7T mrn-mircsd
&, = (10.0£0.1) 77 rum-mrad
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— Interaction Region

M= Nd:YAG mirror (1064, 532 nm)

M'= Broadband mirror (200 — 1000 nm)

Focal length=5m
M — focal point =3 m
Detector — focal point = 6.8 m
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— X-ray Measurements

YOYA

(b}

using a 254 um SS foil as a high-energy filter.
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maximum X-ray vyield registered during this
experiment, for both X-ray lines, 7.35 and
14.75keV emitted in a cone of opening angle 1/
is equal to 3 x 10° photons/bunch which corre-
sponds to an intensity of 5.6 x10"s™!'. This
intensity is 3 orders of magnitude higher than the
highest vield obtained from planar channeling
radiation [29]. The brilliance obtained is therefore
equal to 2 x 10'".

Fig. 6. (a) LCS spectrum from the interaction of electron beam and laser fundamental and second harmonic lines. (b) LCS spectrum
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Number of x-ray photons genemted per pulse as a function of
AGURE 12 . electron beam energy and laser beam energy. The two straight
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PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 5, 044701 (2002)

Small-angle Thomson scattering of ultrafast laser pulses for bright, sub-100-fs x-ray radiation

Yuelin Li, Zhirong Huang, Michael D. Borland, and Stephen Milton

Advanced Photon Source, Argonne National Laboratory, Argonne, lllinois 60439
(Received 13 December 2001; published 5 April 2002)

We propose a scheme for bright sub-100-fs x-ray radiation generation using small-angle Thomson
scattering. Coupling high-brightness electron bunches with high-power ultrafast laser pulses, radiation
with photon energies between 8 and 40 keV can be generated with pulse duration comparable to that
of the incoming laser pulse and with peak spectral brightness close to that of the third-generation syn-
chrotron light sources of ~10?° photons s~! mm ™2 mrad~2 per 10~3 bandwidth. A preliminary dynamic
calculation is performed to understand the property of this novel scattering scheme with relativistic laser
intensities.

(e 5]
=71+ (1+ =52 . 3
T =T pIpe ¢ (3)

Here wo = 20, is used. Equation (3) reveals an impor-
. tant characteristic of the small-angle Thomson scattering
and r, is the classical electron radius. When ¢ << 1 at  scheme, 1.e., its capability (o0 generate an x-ray burst with
6 =0, we hav pulse duration comparable to that of the incident laser.
~ 3° This occurs with reasonably focused electron bunches and
for small enough laser incidence angle. Under this con-
dition, the laser and electron beam sizes play no role in
determining the pulse duration, and the short pulse length
of the scattered radiation is the result of a “sliced” Thom-
\ CORNELL son scattering in which only those electrons underlying the /
U'NTVERSITTY laser pulse are scattering the laser photons.

C H E S S / L E F) F) USPAS 4 Generation Light Sources II Krafft/Bazarov 20 October 2002




25 fs
3200 30 fs
40 fs
50 fs
70 fs
2200 100 fs
p
1200
200
30.0%
3500 40.4%
60.0%
- 100%
160%
2200 - 180%
p
1200 -
200 2 2 | 2 ] 2 |

50 100 150 200
S, 6, (um)

FIG. 1. Contour plots of (a) x-ray pulse FWHM duration in
femtoseconds and (b) angle-integrated x-ray FWHM bandwidth
(AE/EY;y as a function of transverse bunch size and energy with
an rms bunch length of 0.212 ps and a normalized emittance of
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FIG. 3. (a) Spectra with peak positions at 8§ to 40 keV and
(b) peak brightness (dotted line) and pulse duration (solid line)
as a function of the spectrum peak position. The bunch energy is
650 MeV with rms bunch length of 0.212 ps, and the normalized
emittance is 107> mrad. The laser is a 20-fs, 2-J, Ti:sapphire
system at 800 nm. Shifting the spectrum peak is accomplished

1073 mrad. The laser is a 20-fs Ti:sapphire system at 800 nm. by changing the laser incidence angle.

The x-ray spectra peak at 8 keV.

USPAS 4 Generation Light Sources II Krafft/Bazarov 20 October 2002

'\




3x10°
3200 8x10°
2x10*
2200 5x10°
- 1x10°
3x10°
1200
200
1x10"
3x10"
3200 1x10™
3x10"®
2900 1x10"
&= 3x10"
1x10”
1200
200 1
50 100 150 200
G,» o, (um)

FIG. 2. Contour plots of (a) the average photon flux
(photons s™! per 0.1% bandwidth) and (b) the spectral bright-
ness (photons s™'mm™2mrad™? per 0.1% bandwidth) as a
function of transverse bunch size and beam energy. The rms
bunch length i and the normalized emittance is
107° mrad. The Taser is a 20-fs, 2-J Ti:sapphire system at

800 nm at 6 Hz. The x-ray spectra peak at 8 keV. A repetition
rate of 6 Hz is used when calculating the average photon flux.

YA YA

Jitlroon L TN

electron bunch charge of 1 nC, laser pulse energy of 2 J
in a duration o ; i btainable
is about 10%° photons s~ ! mm™2 mrad~? per 0.1% BW

8 keV. The electron beam has a normalized emittance
of 107> mrad and beam energy of 650 MeV (y ~ 1270).
This is a flux of~=10° photons per second per 0.1% band- |
width in a duration of 20 fs and a cone of 3 mrad. The
peak brightness is close to that of the third-generation syn-
chrotron light sources.

intensity is needed. For example, in the calculations in
Figs. 2 and 3, for the tightest focus case of wy = 11 um,

beams are matched in the vertical direction so that the laser
beam waist wy = 2¢y. The pulse duration of the scattered

By y =4 mm?

Note: state-of-the-art peak brightness from 3rd
generation light sources approaches 1024 photons|
s'' mm-2 mrad-2 per 0.1% bw, and average flux

D

is 1015 photons s per 0.1% bw.
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TABLE 1. Summary of the proposed APS SATS X-ray source.

APS linac? ALS 90 TSP ALS slicing® BNIL. 180 TS Laser plasma®

Wavelength (L&) 15-03 0.4 6 1.8 1-10 )
Repetition rate (Hz) 6 100 10° 10

Pulse length (1s) 20 300 ~100 3500 ~~300
Average photon flux 10° 10° 107 D1 o 10°
Divergence (mrad) 3 10 0.6 10% per 0'11 /o bw 47
Bandwidth™ 67%—200% 80% 28%  PTPUBC <019
Peak brightness® ~10% 3 X 10V ~10" 10" ~10"8

*Operating with a 6-Hz, 20-fs, 2-J, 800-nm laser at 650 MeV beam energy may need a factor of 2—3 adjustment for saturation effect.
PReference [6], perspective value.

’ 18
‘Reference [11], perspective value. should be 10
YReference [8], experimental data.

“Reference [10], experimental data. Note: different laser parameters were used for
In photons s~! per 0.1% bandwidth. diff, t Th teri
Tn photons s~' mm~2 mrad—2 per 0.1% BW. ifferent Thomson scattering sources

The major challenge for implementing the SATS is to
synchronize the electron bunch and the laser pulse accu-
rately to minimize the brightness fluctuation. Analysis
shows that the average spectral brightness will be reduced
by a factor of [1 + (ct;/0;)?]" Y2 for ajitter of ¢; between
the laser pulse and the electron bunch. With a bunch length
ui measured between the current
linac and the phofocathode gun drive laser at the APS injec-
tion linac){a 5-times reductiop’on the average brightness
is expected. Lengthening the bunch length to the jitter size
can give a better shot-to-shot fluctuation but lower nominal
peak brighiness. However, because the same laser pulse
\ CORNELI used for x-ray production can also be used to pump the /
b ot b 2 sampl.e under study, very accurate timing for a pump-probe
CHESS / LEPP experiment can be expected. For other x-ray sources not 20 October 2002
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Horson Lt

/(/I(A))

peak brightness @ 1 A when photon degeneracy is 1

— Peak brightness alone can be misleading ——

1
27) (h/2)

Single photon peak brightness: b, =

or 1n conventional units:

. (photon s'mm“mrad ™ per 0.1% bw)

pea

Summary

Thomson scattering sources can provide ~ 103 shorter pulses than that of 3rd
generation light sources, with peak brightness lower by at least ~ 103 and
average flux lower by at least 10°-10 assuming state-of-the-art rep rate for laser.
Even if the rep rate of Thomson scattering event were somehow improved to
some sub-GHz (c.f. next project), average flux would still be ~ 103>-* when
compared to a 3 generation light sources.
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VOLUME 80, NUMBER 5 PHYSICAL REVIEW LETTERS 2 FEBRUARY 1998

Laser-Electron Storage Ring

Zhirong Huang and Ronald D. Ruth

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
{Received 30 September 1997, revised manuscript received 9 December 1997)

A compact laser-electron storage ring (LESR) is proposed for electron beam cooling or x-ray
generation. The LESR uses an intense laser pulse stored in a high-finesse resonator to interact
repetitively with a circulating electron beam in the energy range from a few MeV to a few hundred
MeV. The rapid damping caused by laser-electron interaction counterbalances the intrabeam scattering
effect, thus allowing electron beams with relatively low energy to be cooled or stabilized in the storage
ring to very low transverse emittances. Intense x rays are produced simultaneously from Compton
backscattering and can be used for x-ray lithography and other applications. [S0031-9007(97)05245-9]

PACS numbers: 29.20.Dh, 07.85.Fv, 29.27.Eg
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— General Idea
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laser field acts like a static wiggler or undulator with the
peak magnetic field given by [3]

2
— /27,1 ,
C

where [ is the laser intensity, and Zy = (ceg)™' = 377 Q
is the free space impedance. The factor of 2 in front of
Eq. (1) is due to the addition of the magnetic and electrical
forces in the electromagnetic wave. The radiated power
becomes [12]

By (1)

327

phase space damping rate:

phase space excitation rate: oc L<N ; <E ’
EZ p

|:|_—‘ Taser heurn K.-FFE.}'F: P'}’ = 3 rfc -},-’B:ﬁl‘_ — rf'}’zf . (2)
laser  Fabry-Perof resonator

FIG. 1. The schematic diagram of a laser-electron storage

ring.
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due to bends alone, i.e. small
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— Damping From Thomson “Undulator” @%%a@:\

the ring, the average damping rate to the normalized
transverse emittances &7  is given by

[RLC — _L(dah,) 1 _ AE,/E

x.y n -
ey, \ di

ngTrey Trey

(3)

at the energy range we consider, the average quantum
excitation rate becomes

<d825_‘l’> _ i A_L (AE)T ﬁ;,ﬁ
dt QE N 10 AL E Tre".' ’

(8)
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~ Theoretical emittance & energy spread {@m %@é ~

The balance between the damping rate Eq. (5) and the
excitation rate Eq. (8) leads to the minimum normalized
transverse emittances

(9)

In the longitudinal dimension, the energy spread can
be increased by the energy fluctuation of the scattered
photons. Averaging over one revolution time, we obtain
the rate of quantum excitation to the energy spread

d(o7) 1 [on ,dN,
C o ) — = dow (hw) —
Note: large initial emittance dt /e Trwev Jo dw

can hinder the damping _ 7 hwAE, 0
10 Te, (10)

n ) o
(8_1;,-,- min

However, the energy spread of is also damped as in a
normal storage ring [13]:

L<d(r:r£-)> _ HABE _ prie gy
dt Trey |

The minimum energy spread is reached when both effects
cancel. Thus, we have

2
Ty

(12)
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Fabry-Perot resonator & Projected performance =i- Joffersan gaé
a N\ )

TABLE 1. Two laser-electron storage ring configurations.

. . LESR mode Transient Steady state
the Fabry-Perot resonators are made of mirrors with to-

tal reflectivity R = 99.99% [finesse F = 7 /(1 — R) = Laser and resonator parameters

3.14 X 10"]. To simplify the intrabeam scattering calcu- Eﬂvdﬂ]gﬂ] [fu'm] _ _ : . : h
. . ash energy in the resonator 2] 20 mlJ
lations, we consider a round beam for both cases. Laser pulse length [mm] 3 )
Rayleigh range [mm] 35 8
Focal transverse rms size [um] 20 25
Electron storage ring parameters
Energy [MeV] 100 8
Number of electrons 1.3 < 10" 1.1 > 10"
Average ring radius [m] 1 0.5
) Horizontal /vertical tune ~10 ~10
laser peak power: 0.2 TW (tran31ent) Energy loss per turn 25 keV leV
Trans. damping time 80 usec 80 msec
6 GW (SteadY) Equil. energy Sgpl‘ﬂﬂd Z,éb%‘ 2.3%4
rf frequency [MHz] 2856 1428
rf peak voltage 2 MV 60 KV
rep rate: 0.1 GHz (SteadY) Mg::lemum zf:ceptﬂuce 15% 23%
rms bunch length [mm] 5.9 6.6
Beta function at 1P l cm 2 mm
laser POW@I’ reQ-di 200 W Equil. norm. long. emit. [mm] 31 2.4
Equil. norm. trans. emit. [m] 1 %< 1077 6% 10°°
Max. space charge tune shift 0.012 0.19
X-ray parameters
*Maximum flash energy. Wavelength 6.25 pm | nm
"Constant flash energy. Photon energy [keV] 200 1.24
“Determined by quantum excitation effect. Photon flux [sec '] 2.6 % 1089 9.1 x 10™f
\ 4Determined by both quantum excitation and intrabeam scat- J
tering effects.
“Peak x-ray flux. USPAS 4 Generation Light Sources II Krafft/Bazarov 20 October 2002

fAverage x-ray flux.



